We hypothesized that CaCO 3 dissolution, coupled to sulfide oxidation, is an important mechanism by which solid-phase inorganic P (iP) becomes available to seagrass in tropical carbonate sediments. To examine this supposition, we measured field sulfate reduction rates and simulated the acidity (10-50 µmol H 2 SO 4 cm -3 sediment) generated by subsequent sulfide oxidation from high (western) and low (eastern) total P (TP) sediments in Florida Bay. Dissolution experiments were conducted using sediment slurries at field pH (porewater pH ~6.5 to 7.5). While
Introduction
Seagrass primary production in carbonate environments is frequently limited by phosphorus (P) availability (Short et al. 1990; Fourqurean et al. 1992a,b) resulting from low terrestrial P loads and high sediment affinity for phosphate ) in these systems. Phosphorus in carbonate sediments can be strongly bound to the solid phase carbonate matrix, e.g., as carbonate fluoroapatite (CFA) and other P-and fluoride (F -)-bearing carbonate phases (Kitano et al. 1978; Rude and Aller 1991; Millero et al. 2001) , and also adsorbed onto carbonate surfaces (Jensen et al. 1998; Koch et al. 2001; Zhang et al. 2004 ). Jensen et al. (1998) observed that both inorganic P (iP) and organic P were being mobilized from the solid-phase pools by dissolution of the carbonate matrix in the rooting depth of the tropical seagrass Thalassia testudinum. The same constituents, F -, PO 4 3-and dissolved organic P, were observed to be elevated in seagrass porewater and released when carbonate sediments were gradually dissolved using sequential chemical extraction. The study by Jensen et al. (1998) did not identify any mechanism behind the dissolution process. Ku et al. (1999) and Burdige and Zimmerman (2002) proposed that O 2 released from T. testudinum roots enhances sulfide oxidation, as well as aerobic mineralization of organic matter in seagrass sediment. As both of these metabolic oxidation processes generate acidity, they have the potential to dissolve carbonate sediments, and release sediment-bound P in close proximity to the roots (Burdige and Zimmerman 2002) . Acid generation in seagrass carbonate sediments has been implied by low pH measured in sediments with high (mmol L -1 ) porewater sulfide levels in Florida Bay (Ku et al. 1999 ; Koch et al. 2007 ) and lower pH in seagrass beds than in bare sediments in the Bahamas (Morse et al. 1987) and Florida Bay (Long et al. 2008) . Another possible process that can release P from carbonates is the exchangeability of iP with organic acids exuded from growing roots as shown by Long et al. (2008) . The release of organic acids may also stimulate aerobic microbial metabolism or enhance the coupled sulfate reduction (SR) -sulfide oxidation.
Sulfate reduction to H 2 S and reoxidation by O 2 to SO 4 2-is an important biogeochemical redox process in Florida Bay that has a high potential for acid generation (2H + generated per H 2 S oxidized) and thus for CaCO 3 dissolution. Ku et al. (1999) showed that the porewater SO 4 dissolution may be coupled and, in principle, all sulfide produced in iron-poor carbonate sediments has the potential to be re-oxidized given sufficient oxygen availability (Ku et al. 1999) . Using the stoichiometry of 1:2, Burdige and Zimmerman (2002) calculated that published rates of net carbonate dissolution of 4-11 mmol m -2 d -1 in sediments from Florida Bay (Rude and Aller 1991) could be accounted for by sulfide oxidation, requiring only ~15% of the daily net O 2 production of T. testudinum. Lee and Dunton (2000) also showed that diurnal porewater sulfide varies in seagrass (T. testudinum) sediments indicating that sufficient O 2 can be provided during the day to re-oxidize most of the sulfide generated at night via SR. Based on these studies, there is indirect evidence that SR in seagrass beds, and subsequent sulfide oxidation and acid generation, may promote carbonate dissolution (Walter et al. 2007 ). Hu and Burdige (2007) suggested that organic matter oxidation (CO 2 production), as enhanced by O 2 release from roots, may be more important than sulfide oxidation for generating the acidity that drives carbonate dissolution in sediments from seagrass beds in the Bahamas. This CO 2 from oxidative respiration dissolves and reacts with water to produce carbonic acid (H 2 CO 3 ) which readily dissociates to bicarbonate (HCO 3 -) and a hydrogen ion (H+) producing acidity. In a recent modeling study, Burdige et al. (2008) transport to an extent where SR is being suppressed.
Since sulfide accumulation is evident in porewater from Florida Bay sites (Walter et al 2007 , Koch et al. 2007 , and there is isotopic evidence that there is close coupling between SR and sulfide oxidation (Ku et al. 1999) , we focused the present study on the acidity generated from sulfide oxidation and its effects on P availability. We hypothesized that H 2 SO 4 generated from sulfide oxidation is neutralized by carbonate dissolution with concomitant release of solid phase iP and F -with modest changes in porewater pH. By adding H 2 SO 4 to sediment slurries we examined carbonate sediment dissolution at four sites in Florida Bay at pH levels comparable to those observed in the field (6.6 -6.9; Koch et al. 2007) . We quantified PO 4 3-mobilization to slurry water, as well as resorption to surface-bound P pools following CaCO 3 dissolution. Fluoride release was also tracked post-acidification, as its release is considered an indicator of the breakdown of the tightly bound P associated with the carbonate matrices (e.g., CFA; Jensen et al. 1998) . Phosphate re-adsorption was further elucidated by adding 33 PO 4 3-to sediment slurries and following the rates at which they became homogeneously labeled in the exchangeable and matrix-bound P pools. By measuring site-specific sulfate reduction rates (SRR) and assuming complete recycling of sulfide to H 2 SO 4 we calculated a potential iP mobilization rate for eastern and western sites from SR-oxidation coupling and compare this P flux to P release rates based on literature estimates of carbonate dissolution.
Methods

Sampling sites
Florida Bay is a shallow (< 2 m) semi-enclosed estuarine lagoon at the southern tip of the Florida peninsula (Fig. 1 ). The sediment is predominantly aragonite (50-60%) and high-Mg calcite (30-40%) of biogenic origin, generated internally by primarily calcareous algae and in situ precipitation and composed of a very low silicate fraction (Rude and Aller 1991; Lyons et al. 2004; Walter et al. 2007 ) and low Fe (Chambers et al. 2001; Zhang et al. 2004) . Extensive seagrass meadows of the tropical seagrass T. testudinum dominate primary production in the bay decreasing in biomass and primary production from southwest to northeast as a consequence of P availability (Fourqurean and Zieman 2002) . This trophic gradient is well established by sediment P concentrations in the fine fraction of the sediment (Zhang et al. 2004 ) and in the bulk sediment (Koch et al. 2001 , this study), sediment P adsorption isotherms (Nielsen et al. 2006) , and leaf C:P ratios (Fourqurean et al. 1992a) . Sites chosen for this study ( Fig. 1) (Koch et al. 2007; Rosch and Koch 2009 ). The more enriched western sites are also characterized as having relatively higher porewater sulfide concentrations (4-6 8 mmol L -1 ) relative to eastern sites (≤ 2 mmol L -1 ) (Barber and Carlson 1993; Carlson et al. 1994; Koch et al. 2007 ). (Jensen et al. 1998 ).
P mobilization experiment
After acid treatments, slurry water was decanted and sequential extractions were conducted with the wet sediment to quantify P and F that had adsorbed onto carbonates and not recovered in the dissolved phase. The extraction procedure was a modification of the first two steps of the extraction scheme used for carbonate sediment by Jensen et al. (1998) . In the first step, the sediment was transferred into 60 mL centrifuge tubes to which 30 mL of 1 mol L -1 MgCl 2 was added and put on a shaker table for 1 h. After centrifugation and decanting, the sediment was washed in 30 mL 0.5 mol L -1 NaCl. The NaCl wash supernatant was added to the MgCl 2 supernatant and brought up to volume with H 2 O (100 mL). The second sequential step was a 1 h sediment extraction with a Bicarbonate-Dithionite (BD) reagent (0.11 mol L -1 Na-dithionite and 0.11 mol L -1 NaHCO 3 )
followed by two BD washes and one NaCl wash. The wash supernatants were again brought to volume with H 2 O (200 mL). The first extraction step extracts loosely adsorbed iP while the second step extracts both Fe-bound and more tightly-bound iP on the surface of carbonates (Jensen et al. 1998 ). In siliclastic temperate sediments MgCl 2 extracts loosely adsorbed surface bound iP with BD extraction, considered highly specific for Fe-bound P (Ruttenberg 1992; Jensen and Thamdrup 1993) . However, Jensen et al. (1998) showed that in carbonate sediment BD extracts both Fe and surface-bound iP without concurrent release of Ca
2+
. Zhang et al. (2004) also found no correlation between reactive Fe oxides and BD-extractable iP in the fine-grained fraction of Florida Bay sediments. PO 4 3-and F -concentrations in the extracts were measured as stated above using standard curves prepared in the specific matrix extract solutions. While the sediment treatments were similar on a sediment volume basis, differences in the bulk densities across sites resulted in slightly variable amounts of MgCl 2 and BD amendments per g dry wt sediment. Since eastern sites has higher bulk densities (see results) this may cause a small, relative, underestimation of the size of surface-bound P-pools at eastern bay sites.
Sediment characteristics
Porosity, dry:wet wt ratios and % of small grain size (<63 μm) were determined on sediment from all sites. All parameters except porosity were determined on sediment that was passed through a 2 mm mesh after removal of larger seagrass debris and seagrass tissue. Total Ca, F, and P concentrations were quantified by combusting the dried sediment (550°C, 3 h) and subsequently dissolving the pellet in 1 mol L -1 HCl (120°C, 1 hour). Dissolved Ca 
Sediment P-pool labeling experiment
We used a unique radiotracer technique to examine sediment P exchange in eastern finegrained P-poor sediment from EK and western coarser P-rich sediment from GMK. This technique is based on the principle that 33 PO 4 3-, when added to sediment slurries in trace amounts under conditions of equilibrium between surface adsorbed and slurry water 31 PO 4 3-, will undergo isotopic exchange with any surface-bound or solid fraction 31 PO 4 3-reservoir. The exchange rates will depend on the exchangeability potential of a particular iP pool (Jensen et al. 2005) . After wet sediment (20 g) was kept in suspension on a shaker table for 16 h in P-free artificial seawater (100 mL), carrierfree 33 PO 4 3-(~42,000 Bq) was added to the slurry. The activity of 33 PO 4 3-in the slurry water was followed for 4 h, after which the distribution of the tracer in the exchangeable and matrix-bound fractions (MgCl 2 -extractable, BD-extractable, and HCl-extractable P, respectively) was determined by sequential extraction at time 4.66, 7.66, 33, and 55 h. 33 PO 4 3-in solution was measured on a GF/F filtrate while solid pool tracer distribution was measured on the particles retained on the filter.
The experiments were run in triplicates. Radioactivity was measured on a Beckman LS 6500 Liquid Scintillation Counter using standard techniques and correcting for background, decay and quenching with known activity.
Sulfate reduction rates (SRR)
SRR were determined on seagrass sediment cores (diameter 3.5 cm; n=4) from EK, BLBK, . Reduced 35 S-pools were retrieved using a two-step distillation method described by Fossing and Jørgensen (1989) and radioactivity was immediately counted on a scintillation counter. SRR were calculated as the percent recovery of radiolabelled sulfur in the acid volatile sulfide (AVS) and chromium reducible sulfide (CRS) pools.
Porewater sulfate was measured using a separate non-radioactive core at 2 cm intervals. Sediment was transferred into centrifuge tubes and centrifuged to extract porewater that was stored frozen until analysis of sulfate using ion-chromatography.
Statistics
Differences between PO 4 3-, F -, and Ca 2+ fluxes with acid treatments relative to control treatments and release of adsorbed F -and PO 4 3-in chemical extracts were compared using paired ttests. Linear regression analyses were used to determine slopes that defined the relationship between acid addition and ion flux (Sigma Stat version 3.1). Significant differences are reported at the p < 0.05 level unless otherwise stated.
Results
Sediment characteristics -solid phase
Total sediment phosphorus (TP) and inorganic solid phase phosphorus (iP) ( Table 1) closely followed the established trophic gradient in the bay, depicting greater P enrichment in the western (TP = 4.40 ± 0.03 and 9.48 ± 0.25) than eastern (TP = 1.77 ± 0.06 and 2.22 ± 0.05) bay sediments.
The importance of the inorganic Ca-bound P pool is shown by this fraction (iP) representing approximately 50±2% of the total P pool at all four sites (Table 1) . Organic matter content, 13 measured as loss on ignition (LOI) also showed an east-west gradient with LOI = 7.8% and 7.6% at eastern sites and 10.3% and 22.2% at western sites (Table 1) . Total Ca concentration (Table 1) reflect the LOI numbers, as Ca levels can be multiplied by the molar weight of 100 to give the weight of CaCO 3 in the dry sediment. The fact that the two values make up ~100% of dry weight at all sites, confirms that insignificant amounts of other mineral phases than CaCO 3 were present.
Total F -levels were similar across sites with the exception of BB where it was nearly two times higher. The molar ratios of fluoride to calcium (Table 1) are indicative of sediment dominated by easily dissolvable aragonite and high-Mg calcite in support of the supposition that dissolution could be an important mechanism of P recycling in Florida Bay sediments. Carbonate dissolution at western bay sites has the potential to release greater amounts of sediment P than eastern bay sites based on a 4-fold higher iP:Ca ratio and an almost 3-fold higher iP concentration in western compared to eastern bay sediments. The grain size distribution showed that EK had the largest fraction (83%) of small particles (<63 µm), while this fraction made up 69%, 63%, and 59% at BLBK, BB, and RK, respectively (Table 1) .
Sulfuric acid addition experiment
After 6 h post-acid treatment, pH levels stabilized at all sites to approximately 6.6 to 7.1. As pH dropped in response to sediment acidification, Ca 2+ , F -, and PO 4 3-were released. A portion of the F -and PO 4 3-recovered was in the seawater slurry water (Fig. 2) , while another portion was recovered from the adsorbed pool with MgCl 2 and BD extractions ( Table 2 ). The proportionality of dissolved versus re-adsorbed F -and PO 4 3-was very site specific.
The CaCO 3 dissolution, calculated from the increase of Ca 2+ in slurry water, amounted to 1.3% (maximum) of the sediment solid phase pool in response to the acid treatments simulating field pH conditions (Table 2 , Fig. 2 ). Despite Ca 2+ mobilization with acid treatments were evident at all sites, PO 4 3-dissolved into the slurry water was only significantly different from controls at Rabbit Key (Fig. 2, Table 2 ), the site with the highest sediment TP and iP in the bulk sediment (Table 1) . Sequential extraction of the surface bound iP pools of acidified sediment was necessary to recover a significant amount of the dissolved iP at several of the sites. These data indicate that a portion of the mobilized iP became surface bound, as either the loosely adsorbed MgCl 2 fraction or the more strongly adsorbed BD fraction (Table 2) . A significant increase in extractable iP in one or both of the surface-bound pools was found at RK, BB, and BLBK (Table 2 ). Only at EK were the changes in surface bound iP insignificant across all acidification treatments and were not recovered in the slurry water or through sequential extractions with MgCl 2 and BD (Table 2) .
If we examine the total amount of iP extracted as dissolved and recovered as surface adsorbed relative to controls, there was significantly more P recovered in western bay sediments (Table 2 ) with higher total sediment P and iP in the bulk sediment (Table 1) . Fluoride mobilization to the slurry water with acidification followed the same trend as observed for PO 4 3-with the greatest F -release at the western sites, RK and BB, and with a significant flux also at BLBK, relative to controls (Table 2) . F -was also mobilized to both the slurry water and recaptured as a surface-bound pool on the carbonate sediment. While no significant release of F -to the slurry water was found at EK, all four stations had significant F -recovery in the adsorbed exchangeable pools ( Table 2 ).
The amount of iP dissolved versus the sulfuric acid added correlated positively for RK (p < 0.05; R 2 = 0.74) and BLBK (p < 0.05; R 2 = 0.44) while there was only a tendency for a positive relationship at BB (p = 0.08; R 2 = 0.33). No iP mobilization was observed for sediments collected from EK (Fig. 3) . For the three sites with observed iP mobilization, PO 4 3-flux as a linear function of H 2 SO 4 amended was 0.058, 0.105, and 0.359 nmol iP per µmol H 2 SO 4 at BLBK, BB, and RK, respectively, the same ranking of sites as for iP concentration in the bulk sediment (Table 1 ). In general, the amount of Ca 2+ and F -dissolved and the sulfuric acid concentrations added showed a strong correlation among sites (Fig. 3) . The molar ratio between F -and Ca 2+ dissolved upon acidification (Table 3) was significantly lower than F:Ca ratios of the bulk sediment (Table 1) , indicating preferential dissolution of a F --poor carbonate fraction applying modest acid treatments that achieved field pH conditions. Likewise, less iP was mobilized and subsequently recovered relative to Ca 2+ mobilization (Table 3) than predicted from the bulk sediment iP and Ca distribution among sites (Table 1) . This either indicates dissolution of a relatively P-poor carbonate fraction, or more likely, that a large readsorption and incorporation into solid phase P pools occurred that was not recovered by the sequential extraction scheme applied. Re-adsorption was less pronounced for F -than for PO 4 3-.
Nevertheless, P:F ratios in the leachates (including slurry water and adsorbed pools) were 65% and 115% higher than in the bulk sediment at the two western sites (BB and RK, respectively), while similar to the ratio in bulk sediment at BLBK.
Tracer experiment
33 PO 4 3-amended to sediment slurries rapidly adsorbed to the carbonate particles with 0.35% and 1.1% left in the water after 60 min at EK and GMK, respectively (Fig. 4) . At the eastern bay site (EK),
33
PO 4 3-was distributed in proportion with the cold phosphate after 4 h with 25% found in the surface-adsorbed P pools, 2.6% in the MgCl 2 and 22.4% in the BD extractions, and 75% within the carbonate matrix ( adsorption and the subsequent incorporation into the solid matrix will proceed considerably faster at EK than at GMK, indicating a very different rate of solid phase iP turnover at eastern versus western bay sediments.
Sulfate reduction rates
The highest SRR (up to 800 nmol cm -3 d -1 ) were measured in the western bay sediments, and in the upper 0-2 cm of sediment (Fig. 5) . Depth integrated SRR in the top 14 cm were 2-fold higher at RK (45.4 ± 18.1 in July and 85.4 ± 19.4 mmol m -2 d -1 in October) compared to BLBK and EK, while BB had moderate SRR rates, falling between rates measured at RK and the eastern sites (Table 5 ). The different SRR among sites resembled the pattern of LOI (Tables 5 and 1 ). Only at Rabbit Key did we observe different SRR during the two sampling occasions with rates in the fall almost twice rates in July, although high variance was also observed ( Fig. 5 ; Table 5 ). The higher autumn rates could be due to higher DOC availability from senescence of T. testudinum leaves and a reduction in shoot density (Koch et al. 2007, Rosch and Koch 2009 ).
Discussion
Our results show that carbonate dissolution caused by sulfuric acid production can mobilize significant amounts of PO 4 3-at near neutral pH, one mechanism by which seagrass growing in carbonate sediments can access P bound in the solid matrix. Recycling of sulfide to sulfuric acid through O 2 mediated oxidation, and its coupling to carbonate dissolution, has been established in seagrass sediments of Florida Bay (Ku et al. 1999; Walter et al. 2007) . When sulfide oxidation is coupled to O 2 released from seagrass roots, the iP released is in close proximity of roots. Other processes like bioturbation and porewater advection (Burdige et al. 2008 ) can also transport O 2 down into the sediment and potentially cause sulfide oxidation. However, the oxidation-reduction biogeochemical processing around the root zone of seagrass may be the most active because of concomitant root exudation of organic acids that can stimulate SR, or potentially compete with PO 4 3-for sorption sites on sediment surfaces (Long et al. 2008) . Our study also indicates that mobilization of carbonate-bound P through dissolution, and its subsequent availability to porewater and seagrass, is not solely a function of the P:Ca ratio in the bulk sediment. Rather, the capacity of the sediment to re-sorb PO 4 3-can modify the net mobilization of P during dissolution and control iP availability in the root zone. We evaluate below the potential magnitude of iP mobilization coupled with SR and subsequent sulfide oxidation, and provide estimates of its significance for seagrass nutrition in Florida Bay.
Potential rate of P mobilization by sulfuric acid formation
Under our H 2 SO 4 treatments, pH values dropped in the sediment slurry to 6.6-6.8, on par with those found in porewaters of Florida Bay (6.6-6.9; Koch et al. 2007; Walter and Burton 1990 ).
These results indicate that the acidification levels generated in this study by H 2 SO 4 represent those that can occur over time in the bay generated in part by SR and reoxidation of sulfides. (Table 6 ).
Since we mobilized Ca 2+ with a 1:1 ratio between H 2 SO 4 addition and Ca 2+ flux, where the ratio theoretically should be closer to 1:2, we suggest that the range given in Table 6 a is a conservative estimate of the potential effect that sulfide oxidation might have on iP mobilization. We reach similar rates of iP mobilization using the gross carbonate dissolution rates estimated by Rude and Aller (1991) in Florida Bay (Bob Allen Key Bank) applying our iP:Ca efflux ratios (Table 6 b ).
These estimates increase 2-fold when a 2:1 molar ratio between carbonate dissolution and sulfuric acid formation (Ku et al. 1999 ) is assumed, or if we apply the calculated F -efflux from Rude and Aller (1991) with our observed site specific iP:F efflux ratios (Table 6 c and 6 d ). A slightly more conservative estimate for iP mobilization rate is calculated when using the lower carbonate dissolution rate reported by Walter and Burton (1990) and our site specific iP:Ca efflux ratios (Table 6   e ). Averaging (±SE) the estimates presented in Table 6 give us an iP turnover rate of 3.5±1.0, 6.8±1.8, and 28.9±8.4 µmol P m -2 d -1 from BLBK, BB, and RK, respectively. These iP turnover rates are site specific with an increase at sites with high sediment TP and seagrass productivity in Florida Bay.
Seagrass P nutrition from potential iP dissolution
We calculated potential seagrass P nutrition attainable from carbonate dissolution by applying the estimates of iP mobilization in Table 6 and site specific T. testudinum total P production in leaves, the tissue accounting for the greatest allocation and turnover of nutrients in this seagrass species. Annual average (±SE) T. testudinum leaf P requirements at BLBK and RK are 34±8 and 80±18 µmol P m -2 d -1 , (Rosch and Koch 2009) (Koch et al. 2007 ). Based on the leaf TP requirements and average estimates for iP mobilization from carbonate dissolution (Table 6) , we estimate approximately 38% of the P requirements can be met by iP from carbonate sediment dissolution at RK, while only 10%
at BLBK, clearly indicating that rapid recycling of this solid-phase pool probably assists in promoting greater seagrass biomass development at western Florida Bay sites.
Our measured SRR also provide an estimate of P mobilization from organic matter mineralization using the C:P molar ratio of belowground tissue at RK and BLBK (~2290 and 2960, 20 respectively; Rosch and Koch 2009) . Applying a respiration quotient of 2 for SR (1 mol SO 4 2-reduced per 2 mol C oxidized), P recycled from organic matter mineralization would be approximately 18 µmol P m -2 d -1 at BLBK and 57 µmol P m -2 d -1 at RK. Thus, based on our results, solid phase inorganic P cycling is 19% and 51% of the organic P recycling generated from SR at BLBK, and RK. Combining this inorganic and organic P turnover, we estimate that only 64% of the P requirements for T. testudinum is being met by iP dissolution and SR at the eastern bay BLBK site, while in contrast, 100 percent (108%) of the P needs are calculated to be satisfied in the western bay at RK. However, this dissolution effect and iP release can be significantly affected by the sediment potential for PO 4 3-sorption, which is also site specific.
Phosphate resorption and incorporation by carbonates
Independent of the mechanism that may cause dissolution of the solid carbonate matrix, the PO 4 3-flux to the porewater is modified by resorption processes. Eagle Key sediments in the northeastern bay, the site with the lowest sediment iP and the largest fraction of fine particles, was found to strongly bind iP, even to the point where no PO 4 3-recovery was made from the dissolved or adsorbed P pools after treatment with 53 µmol H 2 SO 4 g dry wt -1 . This result can be explained in two ways. One, P was not released with acid dissolution, which appears unlikely based on the fact that CaCO 3 was dissolved, or two, P was rapidly (< 1 h) re-adsorbed and incorporated into a nonexchangeable P pool.
In a previous experiment by the authors on PO 4 3-adsorption-desorption equilibrium (Nielsen et al. 2006) , the crossover concentration (Ce0) where porewater PO 4 3-is in equilibrium with adsorbed pools and can no longer be taken up, was extremely low (0.017 µmol L -1 ) at EK. These results indicate a high capacity for the eastern bay sediments to resorb PO 4 3-, even at low concentrations. On the contrary, at a western bay site (GMK), Ce0 was 10-times higher (0.292 µmol 21 L -1 ), suggesting a higher porewater PO 4 3-equilibrium is maintained at this site and higher inorganic P availability to seagrass roots embedded in the sediment compared to the EK site. Small carbonate grain sizes (<10 µm) have been shown to be important in P adsorption (Suess 1973) and Florida
Bay sediments have been defined as having high surface energies resulting from small particle size (Walter et al. 2007) . One mechanism behind the high PO 4 3-affinity at EK could be the large proportion of fine particles, but it is also possible that the degree of iP saturation on and in the In contrast, the Nielsen et al. (2006) study in Florida Bay examined affinity at low field porewater PO 4 3-concentrations with median grain sizes < 63 µm. Thus, the role of grain size cannot be ruled out as a potential influence on sediment P adsorption contrasting finer sediments in the eastern compared to coarse grains in the western regions of the bay, although these site differences are confounded by a P enrichment gradient making it difficult to distinguish between these two effects on PO 4 3-adsorption.
The potential for tight resorption of iP released from EK sites with fine grains is also supported by the rapid rate of isotopic exchange of 33 PO 4 3-into the HCl-extractable iP pool at this site. Thus, while the apportionment of iP in the various pools in the bay are more similar based on 31 P (Zhang et al. 2004 , this study), as revealed through traditional low pH extractions (0.5 mol L -1
HCl), the rates of incorporation and binding efficiency (Nielsen et al. 2006 ) is quite variable, with stronger binding of iP in the finer, low TP eastern bay sediments. The fluxes of PO 4 3-to the porewater from carbonate dissolution and re-mineralization may be counteracted by re-adsorption onto carbonates and/or incorporation into the sediment matrix. Incorporation would be driven either by diffusion (Froelich 1988) or by re-crystallization (Rude and Aller 1991; Burdige 2007, Walter et al. 2007 ). These adsorptive and incorporation processes may explain the low PO 4 3-in porewaters in the eastern versus western regions of the bay (Fourqurean et al. 1992b) , and the inability to recover PO 4 3-from EK sediments in this study, even with a clear dissolution of carbonates.
Because of the importance of resorption of PO 4 3-by carbonates, porewater PO 4 3-concentrations, rather than TP pools, are probably a good proxy for P availability for seagrass nutrition. This idea is partially supported by the positive correlation between porewater PO 4 3-and tissue P concentration (Fourqurean et al. 1992a, b) , and by PO 4 3-adsorption experiments (Nielsen et al. 2006 ) that imply P-limitation of seagrasses in eastern Florida Bay, resulting from low porewater PO 4 3-concentrations. Also, T. testudinum root PO 4 3-uptake kinetics responds linearly as a function of porewater PO 4 3-concentration in the low ranges found in the bay; and although this uptake can sequester phosphate down to ~0.030 µmol L -1 , at these low concentrations, the plants cannot meet their P requirements (Nielsen et al. 2006) . As porewater PO 4 3-in tropical carbonate seagrass sediments has a rapid turnover rate of ~2 days (Jensen et al. 1998) , it can be reasoned that the loosely adsorbed and solid phase iP pools, with several orders of magnitude higher P levels than porewater, are critical in supporting highly productive tropical seagrasses. We contend that this turnover is driven primarily by dissolution processes associated with O 2 enhanced acid formation.
Phosphate availability may be further enhanced by root exudation of organic acids.
In laboratory studies Long et al. (2008) observed that moderate addition of di-and trivalent organic acids, shown to be released by the roots of T. testudinum, caused significant PO 4 3-leaching without concomitant F -leaching. No effect was found with HCl at the same acid strength of the 23 organic acid exudates measured in the field. Since this acidity from organic acids added by Long et al. (2008) to Florida Bay sediments was approximately an order of magnitude lower than in our experiment herein applying H 2 SO 4 , the results suggest that the organic acids leached at the root tips affected the equilibrium between porewater PO 4 3-and the surface-bound iP pool. However, these organic acids appeared to generate inadequate acidity to dissolve the solid-phase iP carbonate pool, again evidenced by a lack of F -mobilization. Indirectly, organic acid exudates can stimulate carbonate dissolution by enhancing acid generation from oxidative mineralization processes. This is supported by field observations of increased P and F -along with high concentrations of organic acids in the root zone of T. testudinum (Long et al. 2008 ).
Earlier studies (Jensen et al. 1998 , Nielsen et al. 2006 provided strong indications that the loosely adsorbed and solid phase iP pools are potentially critical in supporting highly productive tropical seagrass in carbonate environments where P availability is low. Here we forward the supposition that this solid phase iP pool is turned over during the dissolution of carbonate minerals that occur when sulfuric acid from sulfide oxidation is buffered at near neutral pH. We also show that subsequent to dissolution, P availability to seagrass roots may be highly dependent on sediment adsorptive capacities, which are controlled by sediment P loads and characteristics at a particular site (e.g., grain size). Future research is needed to more clearly define how site differences in sediment characteristics, nutrient loads, and seagrass plant productivity influence O 2 flux into the sediments (Burdige et al. 2008) , and sulfide oxidation, as well as di-or trivalent organic acids, potential to drive biogeochemical processes and/or assist tropical seagrass in accessing the surface adsorbed PO 4 3-. 
